The goa-1 gene encoding the alpha subunit of the heterotrimeric guanosine triphosphatebinding protein (G protein) G0 from Caenorhabditis elegans is expressed in most neurons, and in the muscles involved in egg laying and male mating. Reduction-of-function mutations in goa-1 caused a variety of behavioral defects including hyperactive movement, premature egg laying, and male impotence. Expression of the activated G0 alpha subunit (Ga0) in transgenic nematodes resulted in lethargic movement, delayed egg laying, and reduced mating efficiency. Induced expression of activated Ga0 in adults was sufficient to cause these phenotypes, indicating that Ga0 mediates behavior through its role in neuronal function and the functioning of specialized muscles.
I he heterotrimeric G protein G" is abundantly expressed in mammalian and insect neurons and growth cones, suggesting that it is important for both neuronal development and function {J ). Although G" has been shown to associate with a variety of receptors and to modulate several cellular effectors (2) , the full spectrum oi' roles that G,, plays in vivo has not been elucidated.
We previously described complementary DNA (cDNA) and genomic clones encoding the Gt, alpha subunit (Ga,,) from the nematode Caenorhabditis eligans (3). To determine the expression pattern of Gctt" we used 5 kb of DNA containing the upstream presumptive control region o( goa-1 (the gene encoding Got,,) to direct the expression of both ß-galactosidase (iacZ) and green fluorescent protein (GFP) (4). Transgenic C. elegans bearing goa-l-iacZ fusions showed ß-galactosidase activity throughout the nervous system at all larval stages and in adults (Fig. 1 , A and C) (5-7). Virtually every neuron showed goa-1 expression, including the hermaphrodite-specific and male-specific neurons (Fig. 1, R and C) . Some non-neuronal cell types also expressed Ga", including the vulva and uterine muscles in the hermaphrodite (Fig. IB) and the diagonal muscles in the male (Fig.  ID) . Most cells of the pharynx, the distaltip cells in the adult hermaphrodite, and the intestinal muscle also stained positive for ß-galactosidase activity. The GFP construct confirmed this pattern of expression (8). In C. elegans, as in insects and mam- We used two reverse genetic approaches to determine the roles of Get,,. The allele goa-1 (pk62) was isolated from a Tel transposen insertion mutant bank (9) and contains an insertion in codon 102 that likely reduces Got,, function. We isolated an additional reduction-of-tunction allele of goa-\, syl92, in a screen for mutants defective in male copulatory behavior. The syl92 allele maps to the genetic interval containing goa-1 and does not complement goaKpk62).
Both goa-1 (pk62) and goal(syl92) caused similar phenotypes: Homozygotes were hyperactive for movement, hermaphrodites laid eggs that were at an abnormally early stage of development, and males were partially impotent (Table 1 and Fig. 2 , C and D) (JO). Both pk62 and syl92 also reduced fertility (Table 1) .
We constructed a constitutively active mutation in goa-1 analogous to the Q227L and Q205L mutants of mammalian Got, and Get,, respectively [where Q (Gin) is replaced with L (Leu) at the indicated position]. These substitutions occur in the conserved sequence Asp-Val-Gly-Gly-GlnArg, part oi' the guanine nucleotide-binding pocket; actuation results from decreased guanosine triphosphatase activity which locks the protein in the GTP-bound conformation (/J). We substituted a leucine codon for that of glutamine at position 205 in a C. elegans Got,, genomic clone (pJMGo) (12) and established a C. elegans strain bearing multiple copies of this mutant clone, pJMGoQL, as an integrated transgene, s\/s9 (5). The syl$9 homozygotes were lethargic in movement, hermaphrodites retained eggs, and males had reduced mating efficiency (Table 1) . These phenotypes were all progressive: young adults, within 24 hours of the last larval (L4) molt, moved more slowly than did control ani- Table 1 . Mutations in goa-1 cause multiple phenotypes. Adult hermaphrodites were scored for movement (10), developmental stage of freshly laid eggs (10) . the rate of egg laying, and total brood size. Males were scored for their ability to sire progeny ( 10) and to perform the several steps required for successful mating {18). Mean values ± standard deviations are reported, ND, not determined. (n = 100) in = 130) In = 100) Spicule insertion^ 81% 0% 3% ND (n = no. of attempts) (n = 100) in = 80) (n = 76)
• The goa-l(pk62> and goa-J (syl92) animals are hyperactive, and the sylsQ animals are lethargic. tTen individuals of each genotype were placed on bacterial lawns, and the dimensions of their tracks wee measured with an ocular micrometer. Measurements were made from the central groove of each track m sections with relatively straight vectors The measurements underestimate the differences m wave parameters: syls9 wavelengths increased with age. Dut the tracks became too irregular to measure (animals within 30 hours of the l _4 molt were used! ÎEggô hermaphrodites over 3 hours were counted 5Ten N2. i3pM52, and l0syJ32 males were observed Ten N2. I0pk62. and 14 sy 192 mates were observed. 43 mals (Fig. 2, A and B) ; older animals moved little except when prodded. Within 48 hours of the L4 molt, animals became bloated with late-stage eggs, and by 72 hours the retained embryos hatched internally, indicative of a severe egg-laying defect (Table 1 ) (13) (14) (15) . The syls9 hermaphrodites were also semistenle ( Table 1) .
The movement phenotype seen in the rediicrion-of-function alleles appears to be opposite to that caused by the gain-offunction transgene. Caenorhabdhis elegam moves by propagating waves of alternating dorsal and ventral flexions along its body length, which produces tegular sinusoidal tracks on a bacterial lawn. Both pk62 and syl92 homozygotes flexed more rapidly and made deeper flexions than did the wild type, whereas young syls9 adults flexed slower and made shallower flexions than the wild type (Fig. 2, A to D) . The altetation in flexion resulted in abnormal sinusoidal motion: The wavelength of tracks left by pk62 and syl92 mutants was reduced, whereas syh9 left tracks with reduced amplitude relative to those left by the wild type (Table 1 ) . Therefore, Ga, i-, involved in the volume and pitch as well as the tempo of C. dcgans movement. Ga, might control wave propagation by acting either in the oscillating circuit among the motor neurons or in the interneurons that control movement (/6).
The effects of reduced and enhanced Ca, activity on egg laying are not necessarily opposite. Although pk62 and syl92 hermaphrodites laid early eggs and syls9 hermaphrodites laid late eggs, hermaphrodites of all three genotypes laid eggs more slowly than did the wild type ( Table 1) . The reduced rate of egg laying in pk62 and syl92 might result from slow egg production: Wild-type hermaphrodites had 11.6 ± 2.2 eggs in the uterus (n = 20 hermaphrodites), whereas pk62 had 4.1 ± 1.6 (n = 36) and $yl92 had 3.2 ± 1.0 (n = 63) (scored at 24, 36, and 48 hours after the L4 molt). The role of Ga,, in egg laying is likely complex because goa-1 is expressed in both the egglaying muscles and the serotonergic HSN neurons that innervate them (Fig. IB) (J7) . Analysis of $yls9 demonstrates that goa-l affects egg laying both pre-and postsynaptically. Egg laying by wild-type C. elegaw is stimulated by serotonin (5-HT) or Imipramine (Table 2) . Animals with nonfunctional HSNs lay eggs in response to exogenous 5-HT but are resistant to Imipramine, a potentiatot of endogenous 5-HT. Animals with defects in the egg-laying muscles are unable to respond to either agent (/3). Young syls9 adults responded partially to 5-HT, but they were completely resistant to Imipramine (Table 2) . Of the sy h9 hermaphrodites, 64% were resistant to both agents, demonstrating that Ga is involved postsynaptically in egg laying. Because 36% of syh9 homozygotes had at least partially functional egg-laying muscles (they responded to 5-HT), the complete resistance to imipramine indicates an additional, tullv penetrant defect in the function of the HSNs.
Both classes of goa-l mutations caused male impotence (Table 1) . A C. eicgans male responds to contact with a hermaphrodite by placing the ventral surface of his tail against her, then moving backward along her body. When he approaches either her head or her tail, he executes a turn keeping his tail in contact with his mate. When he locates the vulva, he inserts his spicules and transfers sperm. The pk62, syl92, and sy h9 males responded to contact with hermaphrodites and moved backward. Instead of turning at 10 or 90% of the hermaphrodite's body length as do wildtype males (18) , pk62 and s\l92 males either failed to turn or turned at the end (0 or 100% body length) of the hermaphrodite ( Table 1 ). The syls9 males moved so slowly that we have not yet analyzed specific defects in mating behavior. The goa-I gene is expressed in the diagonal muscles and the motor neurons that innervate them (Fig. 1,  B and D) , ablation of which results in turns similar to those made by pk62 and s;yJ92 males (19) . The pk62 and syl92 males were also detective in spicule insertion (Table 1 ) which requires spicule muscles and sensory and motor neurons ( 18) . Thus, Ga , is necessary tor several steps in matin» behavior, consistent with its expression in many male specific cells.
To determine whether alteration of Gau activity affects the adult, we placed the Ga, gene with the Q205L substitution under the control of the C. elegans heat-shock promoter hspl6-2, producing the plasmid PJMGoQLH (20) . The hspl6-2 promoter directs expression in many tissues including neurons. Animals bearing pJMGoQLH as an integrated transgenic array, syhlj, are wild type for fertility, movement, and egg laying in the absence of heat treatment (Fig. 2E) . When heat-treated as adults, sylsl7 animals rapidly became sterile, lethargic, and egg-laying defective (20) . One hour after a 30-min heat pulse, 100% of sylsl/ hermaphrodites (n = 28) were sluggish and had reduced flexions (wavelength = 0.48 ± 0.04 mm, amplitude = 0.07 ± 0.02 mm, n = 50 waves from nine hermaphrodites; see Table 1 7 7 , an integrated transgene derived from pJMGoQLH {20) before heat treatment. Sinusoidal tracks are identical to those of the wild type shown in (A). (F) Behavior of the same five pJMGoQLH hermaphrodites shown in (E) 3 hours after heat treatment (20) . All five animals are close to the point of origin as in (B). All panels were photographed on llford XP2 ASA 400 film with a Wild M5A stereomicroscope. Table 2 . Activated Gu0 results in pre-and postsynaptic defects in egg laying. Young adult hermaphrodites were tested for egg laying in response to 5-HT and Imipramine. M9 buffer was used for the control. The number of eggs laid by the worms are indicated by the following symbols; +. >7 eggs; (+), 4 to 7 eggs; (-), 1 to 3 eggs; and -, 0 eggs, n = 25. N2 is the Bristol strain of wild-type C. elegans (10) . The sylsW strain, used as a control for genetic background, is a C. elegans strain bearing an integrated transgene derived from pJMONN.28 (4, 5) ; syls9 is a C. elegans strain bearing pJMGoQL (12) as an integrated transgene (5) Assays were performed and interpreted as described (13) , except eggs were counted after 90 mm in all cases. Imipramine and 5-HT were purchased from Sigma and dissolved m M9 buffer (22) . maphrodites was small (6.6 i 4.5, n = 28). The uncoordinated phenotype induced in syls 17 animals was progressive as it was in aging syls9 homozygotes, and within 3 hours of heat treatment, syls 17 hermaphrodites resembled syls9 hermaphrodites (Fig.  2, B and F) . Thus, induction of activated Ga, even in adults is sufficient to generate the observed phenotypes.
Alteration of Gati activity resulted in a number of aberrant behaviors in C. elegans, presumably through its action in neurons and, for egg laying and perhaps male mating, in specific muscles. The phenotypes caused by activated Ga, could all be induced after adulthood, indicating that G0 is involved in the continued functioning of neurons and the other cells in which Gao is expressed. Both reduction-of-function and gain-of-function mutations affected the same behaviors, and in the case of movement the mutations had opposite effects, suggesting that wild-type Gki participates in these behaviors. The multiple phenotypes caused by mutations of goa-î can now be used in extragenic suppressor screens to identify additional components of Gt)-mediated signal transduction.
